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Abstract:
We report on an investigation of CP violation in (un)polarized e+e− → t¯t resulting from
an extended neutral Higgs sector or from the minimal SUSY extension of the Standard
Model (SM). We consider c.m. energies from the t¯t threshold to the TeV range. In
addition sensitivity estimates for CP-violating form factors of the top quark are made.
Further we discuss the prospects of probing Higgs sector CP violation in γγ → t¯t.
1 Introduction and Summary
In recent years quite a number of proposals have been made on how top quarks can serve as
probes of CP-violating interactions beyond the Kobayashi-Maskawa (KM) mechanism ([1]-
[17]). Model-independent analyses in terms of form factors can be found in [1, 2, 5, 7, 8,
10, 12]. Here we report on the results of an investigation of CP-violating interactions from
an extended Higgs sector and from the minimal supersymmetric extension of the SM and
their effects on t¯t production (and decay) at a linear collider. First we consider e+e− → t¯t.
The new features of this study, as compared to previous work [1, 5], are: we take into
account the possibility of longitudinally polarized electron beams which enhance some of
the effects, and we propose and study optimized observables with maximal sensitivity to
CP effects for ”semileptonic” tt¯ events. For the Higgs model we find: (a) The highest
sensitivities are reached somewhat above the tt¯ threshold. (b) Longitudinal electron
polarization would be an asset; yet the sensitivity of our best observable depends only
weakly on the electron polarization. In the above models the effects in e+e− → tt¯ are due
to non-resonant radiative corrections and are therefore not easy to detect. If a light Higgs
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boson ϕ with mass mϕ < 200 GeV and sizable CP-violating couplings to top quarks exists
then there is a chance to see a signal at a collider with 50 fb−1 integrated luminosity. It
would obviously be more promising to check for CP violation directly in ϕ decays [14, 15].
Effects in tt¯ production due to a CP phase in gluino exchange are too small to produce
statistically significant signals.
In addition we have also investigated how well one could measure in the reactions (1), (2),
(3) below the CP-violating form factors of the top quark with our optimized observables.
Results are given in section 2. Of course, the sensitivity to the (dimensionful) form factors
increases considerably with the c.m. energy and with the availability of beam polarization.
(See also [1, 12].)
High energetic photon-photon collisions [21], which are discussed in the context of a linear
collider, may provide, among other things, an interesting possiblity to produce neutral
Higgs bosons and study their quantum numbers. In the framework of two-Higgs doublet
extensions we have investigated CP violation in unpolarized γγ → t¯t which includes
resonant Higgs boson production and decay into t¯t. Here the effects can be much larger
than in e+e−-annihilation. If one or more Higgs bosons of intermediate mass 300 GeV
<
∼mϕ<∼ 500 GeV exist we find that γγ → ϕ → t¯t would be a promising channel to study
its/their CP properties. Sensitivity estimates will be given in section 3. For a detailed
exposition of our studies and further references see [6, 17].
2 e+e− → t¯t
In this section we consider the production of a top quark pair via the collision of an
unpolarized positron beam and a longitudinally polarized electron beam:
e+(e+) + e
−(e−, p) → t(kt) + t¯(kt¯). (1)
Here p is the longitudinal polarization of the electron beam (p = 1 refers to right handed
electrons). For our purposes the most interesting final states are those from semileptonic
t decay and non-leptonic t¯ decay and vice versa:
t t¯ → ℓ+(q+) + νℓ + b+Xhad(qX¯), (2)
t t¯ → Xhad(qX) + ℓ−(q−) + ν¯ℓ + b¯ , (3)
where the 3-momenta in eqs. (1) - (3) refer to the e+e− c.m. frame.
CP-violating interactions can affect the t¯t production and decay vertices. Quantum me-
chanical interference of the CP-even and -odd parts of the amplitudes for the above
reactions then lead to the correlations which we are after. For CP-nonconserving neutral
Higgs boson couplings and for CP-nonconserving gluino-quark-squark couplings it has
been shown [5] that these interactions lead to larger effects in t¯t production than in t
(and t¯) decay. Therefore we consider observables which are predominantly sensitive to
CP effects in the production amplitude which, in these SM extensions, arise at 1-loop
through induced electric and weak dipole form factors dγ,Zt (s). The real parts Red
γ,Z
t
generate a difference in the t and t¯ polarizations orthogonal to the scattering plane of
reaction (1), whereas non-zero absorptive parts Imdγ,Zt lead to a difference in the t and t¯
polarizations along the top direction of flight. The class of events (2), (3) is highly suited
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to trace these spin-momentum correlations in the t¯t production vertex through final state
momentum correlations: From the hadronic momentum in (2),(3) one can reconstruct
the t¯ and t momentum, respectively and hence the rest frames of these quarks. The ex-
tremely short life time of the top quark implies that the top polarization is essentially
undisturbed by hadronization effects and can be analyzed by its parity-violating weak
decay t→ b+W , which we assume to be the dominant decay mode. Further, the charged
lepton from semileptonic top decay is known to be by far the best analyzer of the top
spin [18]. Therefore our observables are chosen to be functions of the directions of the
hadronic system from top decay, of the charged lepton momentum, of the positron beam
direction, and of the c.m. energy
√
s. In order to increase the statistical sensitivity of
the observables we shall use the lepton unit momenta qˆ∗± in the corresponding top rest
frames, which are directly accessible in the processes (2), (3).
The CP “asymmetries” which we discuss are differences of expectation values
A = 〈O+(s, qˆ∗+, qˆX¯ , eˆ+)〉 − 〈O−(s, qˆ∗−, qˆX , eˆ+)〉 , (4)
where the mean values refer to events (2), (3) respectively. For instance, O+ = (qˆ∗+ ×
qˆX¯) · eˆ+. The observable O− is defined to be the CP image of O+. It is obtained from
O+ by the substitutions qˆX¯ → −qˆX , qˆ∗+ → −qˆ∗−, eˆ+ → eˆ+. The ratio
r =
〈O+〉 − 〈O−〉
∆O+ (5)
is a measure of the statistical sensitivity of O. Here ∆O =
√
〈O2〉 − 〈O〉2. For the ob-
servables used in this paper we have ∆O ≈
√
〈O2〉 and ∆O+ ≃ ∆O−. The signal-to-noise
ratio of A is given by SA = |r|
√
N event/
√
2, where Nevent is the number of events of type
(2) or (3).
In [6] explicit expressions are given for two observables O±(1),O±(2) with optimized sen-
sitivity |r|, and these observables pick up dispersive (Redγ,Zt ) and absorptive (Imdγ,Zt ) CP
effects, respectively. In addition to the functional dependence exhibited in (4) they de-
pend also on the electron beam polarization p. As the expressions are somewhat lengthy
we do not reproduce them here. Schematically an optimized observable is constructed as
follows: Consider a differential cross section which is of the form dσ = dσ0+λdσ1 where λ
is a small parameter. One can show [8, 19] that the observable with the highest statistical
sensitivity is given by O = dσ1/dσ0.
We shall consider phase space cuts which are CP-symmetric. When the e+e− beams are
unpolarized (or transversely polarized) the asymmetries (4) can be classified as being odd
under a CP transformation. This means that contributions to 〈O±〉 from CP–invariant
interactions cancel in the difference. If the electron beam is longitudinally polarized the
initial e+e− state is no longer CP-symmetric in its c.m. frame and the CP classification no
longer applies. Contributions from CP-conserving interactions can, in principle, contami-
nate A if p 6= 0. However, in practice, this is not a problem because it can be argued that
SM interactions induce contaminations at the per mill level [6]. On the other hand only
ratios |r| >0.01 have a chance to be detectable even at a high luminosity linear collider.
We now recall the salient features of neutral Higgs sector CP violation. For definiteness
we consider two-doublet extensions of the SM with explicit CP violation in the Yukawa
couplings (which leads to the Kobayashi-Maskawa phase) and in the Higgs potential. As a
consequence the three physical neutral Higgs boson states ϕ1,2,3 are in general states with
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indefinite CP parity; i.e. they couple both to scalar and pseudoscalar quark and lepton
currents with strength ajfmf/v and a˜jfmf/v, respectively, where mf is the fermion mass
and v ≃ 246 GeV. For the top quark we have ajt = d2j/ sin β, a˜jt = −d3j cot β, where
tan β = v2/v1 is the ratio of the moduli of the vacuum expectation values of the two
doublets, and d2j , d3j are the matrix elements of a 3×3 orthogonal matrix which describes
the mixing of the neutral Higgs states of definite CP parity. Only the CP=+1 components
of the mass eigenstates ϕj couple to the W, Z, and charged Higgs bosons at the Born
level. (For notation and details, see [3]).
CP violation requires that the neutral Higgs bosons are not mass-degenerate. Only if
one of the bosons, say ϕ1, is rather light then there is a chance that effects are detectable
in e+e− → t¯t. For the evaluation of the ratios r shown in Figs.1 we have put mϕ1=100
GeV and have assumed that mϕ2,3 >> mϕ1 . Then the effect of ϕ2,3 on the dipole form
factors is negligible. The EDM form factor and, to a good approximation [3], the WDM
form factor of the top are proportional to γCP = −a1ta˜1t which is a measure of the strength
of CP violation induced by ϕ1 exchange. One may assume maximal CP violation in the
neutral Higgs sector by putting di1 = 1/
√
3(i = 1, 2, 3). The product γCP increases with
decreasing tanβ. Phenomenologically the experimental upper bounds on the neutron and
electron EDMs give the rough upper bound |γCP|<∼5. Nevertheless it would be interesting
to obtain from the top system direct information on γCP .
In Figs.1 we have plotted the ratios r1,2 for the optimized dispersive and absorptive ob-
servables O±(1),O±(2) defined in [6]. We have put mt = 180 GeV, mϕ1 = 100 GeV, and
γCP = 1. The ratios r1,2 are directly proportional to γCP.
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Fig 1: Ratios r1 (left figure) and r2 (right figure) for the optimized dispersive and
absorptive observables O±(i), i = 1, 2 defined in [6] for mt = 180 GeV, mϕ1 = 100 GeV,
and γCP = 1.
Figs.1 show that the absorptive asymmetry has the highest sensitivity to γCP and that
it depends only weakly on the beam polarization. The maximal sensitivity is reached
at
√
s ≃ 450 GeV where |r2| = 1.2% (1%) if p=±1 (0). In order to detect this as a 3
s.d. effect one would need 125000 (180000) events of the type (2) and of (3). These event
numbers are unrealistically large. If the CP-violating effect is larger, say γCP=4, then only
1/16 of these events would be needed for a 3 s.d. signal. In order to reach a sensitivity >∼
3 s.d. to couplings |γCP|>∼4 an integrated luminosity of 50 fb−1 must be collected.
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In general the asymmetries become smaller with increasing Higgs mass. If we keep γCP
fixed but change the Higgs mass to mϕ=200 GeV then the maximal value at
√
s ≈ 450
GeV of the ratio r2 in Fig.1 is reduced by about 30%.
In summary, for light Higgs masses mϕ <200 GeV and sizable CP-violating coupling γCP
there is a chance to see Higgs sector CP violation as an induced dipole moment effect
in t¯t production. A light Higgs particle ϕ would also be produced at a linear collider.
A consequence of ϕ not being a CP eigenstate would be a CP violation effect in the ϕ
fermion-antifermion amplitude at Born level which could be detected in ϕ → τ+τ− [14].
(For further tests of the CP properties of Higgs particles, see [9, 15, 20].)
In the minimal supersymmetric extension of the SM additional CP–violating phases (be-
sides the KM phase) can be present in the Majorana mass terms, e.g. of the gluinos, and
in the squark (and slepton) mass matrices. For mass eigenstates these phases then appear
for instance in the tt˜− gluino couplings in the form (flavour mixing is ignored)
Lt˜tλ = i
√
2 gQCD
{
eiφt t˜∗LT
a(λ¯atL) + e
−iφt t˜∗RT
a(λ¯atR)
}
+ h.c. (6)
with φt = φλ−φt˜ and fields t˜R,L which are related to the fields t˜1,2 corresponding to mass
eigenstates by an orthogonal transformation. The 1-loop EDM and WDM form factors
dγ,Zt generated by (6) are proportional to g
2
QCD sin(2φt). We have computed these form
factors and the resulting asymmetries (4) for the optimized observables O±(1),O±(2) for
maximal CP violation, sin(2φt) = 1, and a range of SUSY masses mλ, m1,2 ≥ 150 GeV.
We have found [6] that the ratios |r1,2|<∼0.01. Hence it is unlikely that a statistically sig-
nificant signal can be detected at a 50 fb−1 linear collider even for maximal SUSY CP
violation. (Related studies were made in [13].)
Furthermore we also investigated how well one could measure Redγ,Zt and Imd
γ,Z
t inde-
pendent of any model. For this purpose we computed the corresponding ratios r for
observables which, for a given polarization p, have optimized sensitivity to one of these
form factors. Using an integrated luminosity of 20 fb−1 (50 fb−1) at
√
s = 500 GeV
(800 GeV) we estimate the 1 s.d. statistical errors given in Table 1, assuming a tagging
efficiency of 1 for the channels (2), (3).
20 fb−1,
√
s = 500 GeV 50 fb−1,
√
s = 800 GeV
p = 0 p = +1 p = −1 p = 0 p = +1 p = −1
δRedγt 4.6 0.86 0.55 1.7 0.35 0.23
δRedZt 1.6 1.6 1.0 0.91 0.85 0.55
δImdγt 1.3 1.0 0.65 0.57 0.49 0.32
δImdZt 7.3 2.0 1.3 4.0 0.89 0.58
Table 1: 1 s.d. sensitivities to the CP-violating form factors in units of 10−18 e cm.
Table 1 shows that the sensitivity to Redγt and to Imd
Z
t grows subtantially with beam
polarization. For a fixed number of tt¯ events the sensitivity to the nonrenormalizable
“couplings” dγ,Zt obviously increases with increasing c.m. energy. However, one should
keep in mind that the form factors vary with
√
s, and this variation is determined by
thresholds which depend on the underlying dynamics of CP violation. If – like in the
Higgs model – the relevant branch point where the form factors develop imaginary parts
is set by the tt¯ threshold then, as exemplified by Fig.1, there is no gain in going to very
high energies. Needless to say: a priori one does not know.
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3 γγ → t¯t
After the discovery of a Higgs boson ϕ at some collider a high energetic “Compton collider”
of high luminosity could be tuned to γγ → ϕ in order to perform a detailed study of the
ϕ quantum numbers (see,e.g.,[20]). If the photon polarizations are adjustable then one
could check, as proposed in [16], for instance with the event asymmetry (N(+,+) −
N(−,−))/(N(+,+) + N(−,−)) whether or not ϕ is a CP eigenstate. (Here ± refer to
the photon helicities.) For unpolarized γγ → ϕ the CP property of ϕ can be infered from
the final states into which it decays. If ϕ is not a CP eigenstate then a CP-violating
spin-spin correlation is induced in its fermionic decays already at the Born level, which
can be as large as 0.5 [14]. It could be detectable in ϕ→ τ+τ− and, for sufficiently heavy
ϕ, in ϕ→ t¯t. However, the narrow width approximation does not apply for a Higgs boson
with mass in the vicinity or above the tt¯ threshold and interference with the non-resonant
γγ → tt¯ amplitude decreases this spin-spin correlation significantly. In order to include
also the case of light Higgs bosons ϕ below the tt¯ threshold we have computed, for two-
Higgs doublet extensions of the SM, the complete set of CP-nonconserving contributions
to γγ → tt¯ in one-loop approximation [17]. In the spin density matrix for t¯t production
by unpolarized photon beams this leads to CP-violating dispersive contributions with
the spin structure kˆt · (s+ × s−) and to absorptive contributions which are of the form
kˆt · (s+ − s−) and to similar terms where kˆt → pˆγ . Here s+, s− are the spin operators of
t and t¯, respectively. The latter structures correspond to polarization asymmetries.
As in the case of e+e− → t¯t these spin correlations and polarization asymmetries are
most efficiently traced through the ”semileptonic” t¯t decays (2) and the charge conjugated
channels (3). The spin-spin correlation leads for events (2) to the triple product correlation
O+ = (q+ × qˆ∗W−) · qˆX¯ . Here the asterisk denotes the t¯ rest system. The CP-reflected
observable O− applies to the charge conjugated channels (3), and a non zero difference
〈O+〉 − 〈O−〉 would be an unambiguous sign of CP violation. A CP asymmetry with a
somewhat higher sensitivity to Higgs boson induced effects is
Aabs = 〈q+ · qˆX¯〉 − 〈q− · qˆX〉, (7)
which is a consequence of the single spin asymmetries.
For the calculation of these asymmetries we used the normalized photon distributions
N(x) with energy fraction x = Ephoton/Ebeam as given, e.g. in [21, 22]. The maximal
energy fraction of a photon xmax is determined by the laser energy xmax = z/(1+ z) with
z = 4EbeamELaser/m
2
e. For a given beam energy the laser energy is chosen such that z
reaches its maximal value. This value is determined by the threshold for unwanted e+e−
pair production through annihilation of a backscattered photon with a laser photon. One
gets xmax ≃ 0.8284.
Our result for the ratio r based on the asymmetry (7) is shown in Fig.2 for e+e− c.m.
energy
√
s= 500 GeV and mt=180 GeV as a function of the Higgs boson mass mϕ for two
sets of parameters: di1 = 1/
√
3, tanβ=0.627 (set 1, solid line) and di1 = 1/
√
3, tanβ=0.3
(set 2, dashed line). These two sets correspond to γCP=1 and γCP=3.87, respectively.
In contrast to e+e− → t¯t we have here a complicated dependence of the asymmetries on
the Higgs boson couplings, because the diagrams in which the ϕ propagator can become
resonant contain also bosonic loops, and because in the resonant ϕ propagator the total
width Γϕ enters. The asymmetry Aabs has an extremum when the Higgs mass is close
to the t¯t threshold due to large interference effects and an additional extremum when
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the Higgs mass is close to the maximal γγ energy. Even for a Higgs with mass above the
maximal γγ energy there remains a significant interference effect that might be detectable.
Fig 2: The ratio r for the asymmetry Aabs as a function of the Higgs mass mϕ at
√
s
= 500 GeV. The solid (dashed) line corresponds to the parameter set 1 (set 2).
One may also determine, for a given Higgs mass, the e+e− collider energy that max-
imizes the signal-to-noise ratio of an asymmetry. We have done this for Aabs and the
parameter set 1. The results are listed in Table 2. In brackets we also give the numbers
for set 2. (Note that S is not optimized with respect to this set.) In computing the
number of events of the channels (2) or the charge conjugated channels (3) we use as in
sect.1 semileptonic top decays into electrons, muons, and tauons.
mϕ [GeV]
√
sopt [GeV] Nevent/
(
L/(100 fb−1)
)
S/
√
L/(100 fb−1)
100 700 5.97(5.35)× 103 1.8(5.4)
150 700 5.96(5.31)× 103 1.8(5.3)
200 700 5.93(5.21)× 103 1.9(5.5)
250 680 5.44(4.70)× 103 2.1(6.1)
300 650 4.67(3.84)× 103 2.6(7.5)
325 630 4.10(3.30)× 103 3.0(8.9)
350 570 2.39(2.32)× 103 4.0(11.4)
375 600 3.41(4.27)× 103 4.4(8.8)
400 710 6.18(6.42)× 103 3.6(7.7)
425 520 1.87(2.31)× 103 3.7(4.7)
450 560 3.02(3.39)× 103 3.4(4.5)
475 580 3.58(3.85)× 103 3.3(4.2)
500 610 4.38(4.58)× 103 2.9(3.7)
Table 2: Optimal collider energies, number of events of samples (2) or (3), and statistical
significance S ofAabs for some Higgs masses and parameter set 1. The numbers in brackets
are for set 2.
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Table 2 tells us, for example, that if mϕ = 350 GeV (and if set 1 applies), one gets the
largest sensitivity to the CP asymmetry Aabs at a collider energy of 570 GeV. For an
integrated e+e− luminosity of 50 fb−1 (and an eγ conversion rate of one) we then get
a statistical significance S of 2.8(8.0). By using an optimized observable instead of (7)
the sensitivity could still be enhanced. Should Higgs boson(s) of intermediate mass be
discovered then, as our study shows, γγ → ϕ → t¯t is a promising channel for probing
Higgs sector CP violation.
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